Studies in rodents have implicated various cytokines as paracrine mediators of increased osteoclastogenesis during estrogen deficiency, but increases in RANKL, the final effector of osteoclastogenesis, have not been demonstrated. Thus, we isolated bone marrow mononuclear cells expressing RANKL on their surfaces by two-color flow cytometry using FITC-conjugated osteoprotegerin-Fc (OPG-Fc-FITC) as a probe. The cells were characterized as preosteoblastic marrow stromal cells (MSCs), T lymphocytes, or B lymphocytes by using Ab's against bone alkaline phosphatase (BAP), CD3, and CD20, respectively, in 12 premenopausal women (Group A), 12 early postmenopausal women (Group B), and 12 age-matched, estrogen-treated postmenopausal women (Group C). Fluorescence intensity of OPG-Fc-FITC, an index of the surface concentration of RANKL per cell, was increased in Group B over Groups A and C by two-to threefold for MSCs, T cells, B cells, and total RANKL-expressing cells. Moreover, in the merged groups, RANKL expression per cell correlated directly with the bone resorption markers, serum C-terminal telopeptide of type I collagen and urine N-telopeptide of type I collagen, in all three cell types and inversely with serum 17b-estradiol for total RANKL-expressing cells. The data suggest that upregulation of RANKL on bone marrow cells is an important determinant of increased bone resorption induced by estrogen deficiency.
Introduction
Osteoporosis is a major metabolic bone disease that over a lifetime results in fractures in 40% of aging women and 15% of aging men (1) . Recent studies have shown that estrogen deficiency is the cause of both the early and the late forms of osteoporosis in postmenopausal women and contributes to the development of osteoporosis in aging men (1, 2) . Estrogen deficiency is associated with an increase in bone resorption over bone formation, leading to excessive and sustained bone loss. The increase in bone resorption is due both to increased osteoclastogenesis and to decreased osteoclast apoptosis (1, 3) . Since the demonstration in 1988 that bone cells contain functional estrogen receptors (1) , the primary focus of research has been to identify the paracrine mediators of the increased osteoclastogenesis induced by estrogen deficiency.
Despite wide-ranging studies, the identity of the paracrine mediators of bone loss induced by estrogen deficiency is still unclear. Studies in ovariectomized rodents and in osteoblastic cell lines in vitro have implicated increases in various proinflammatory cytokines -IL-1β, IL-6, TNF-α, GM-CSF, MCSF, and PGE 2 (see reviews; refs. 1, 3, 4) . These cytokines increase bone resorption mainly by increasing the pool size of preosteoclasts in bone marrow (1, 3, 4) ; however, MCSF also enhances fusion of preosteoclasts to form osteoclasts (5) and, recently, direct effects of TNF-α on osteoclasts have been demonstrated (6, 7) . Measures that impair the synthesis of or the response to IL-1β, IL-6, TNF-α, or PGE 2 attenuate or prevent ovariectomy-induced bone loss in rodents (1, 3, 4) . In addition, estrogen upregulates TGF-β (8) , an inhibitor of bone resorption that decreases the activity and increases the rate of apoptosis of mature osteoclasts (9) .
All of these earlier findings, however, must now be reevaluated in the wake of the recent identification of three new members of the TNF ligand and receptor-signaling family that are the final effectors of bone resorption (see reviews ; refs. [10] [11] [12] . RANK ligand (RANKL) is both necessary and sufficient for osteoclast differentiation, provided that permissive concentrations of MCSF are present, and also enhances activity and prolongs the Studies in rodents have implicated various cytokines as paracrine mediators of increased osteoclastogenesis during estrogen deficiency, but increases in RANKL, the final effector of osteoclastogenesis, have not been demonstrated. Thus, we isolated bone marrow mononuclear cells expressing RANKL on their surfaces by two-color flow cytometry using FITC-conjugated osteoprotegerin-Fc (OPG-Fc-FITC) as a probe. The cells were characterized as preosteoblastic marrow stromal cells (MSCs), T lymphocytes, or B lymphocytes by using Ab's against bone alkaline phosphatase (BAP), CD3, and CD20, respectively, in 12 premenopausal women (Group A), 12 early postmenopausal women (Group B), and 12 age-matched, estrogen-treated postmenopausal women (Group C). Fluorescence intensity of OPG-Fc-FITC, an index of the surface concentration of RANKL per cell, was increased in Group B over Groups A and C by two-to threefold for MSCs, T cells, B cells, and total RANKL-expressing cells. Moreover, in the merged groups, RANKL expression per cell correlated directly with the bone resorption markers, serum C-terminal telopeptide of type I collagen and urine N-telopeptide of type I collagen, in all three cell types and inversely with serum 17β-estradiol for total RANKL-expressing cells. The data suggest that upregulation of RANKL on bone marrow cells is an important determinant of increased bone resorption induced by estrogen deficiency. lifespan of osteoclasts by decreasing apoptosis. In bone marrow, RANKL is expressed on the surfaces of MSCs of the osteoblast lineage (13) , T lymphocytes (6) , and B lymphocytes (14) . Cell-to-cell contact allows RANKL to bind to its physiologic receptor RANK, which is expressed on the surface of osteoclast lineage cells. Its action is opposed by osteoprotegerin (OPG), a neutralizing soluble decoy receptor, produced by MSCs and osteoblasts.
Because of its pivotal role in osteoclast formation and function, the RANKL/RANK/OPG regulatory system is likely to be involved in the antiresorptive action of estrogen. Indeed, estrogen has been demonstrated to upregulate gene expression and protein synthesis of OPG, both in vitro in human (15) and in rodent (16) osteoblastic cells and in vivo in elderly men (17) . In contrast, previous studies have not demonstrated that either RANKL (16) or RANK (18) expression or activity is regulated by estrogen. Moreover, no studies have as yet been reported on RANKL expression made in human bone marrow cells.
The objective of our study was to determine if RANKL plays a role in mediating the increase in bone resorption in early postmenopausal women and, thus, in the pathogenesis of postmenopausal osteoporosis. To address this issue, we have developed a method for isolating cells expressing RANKL on their surface from human bone marrow by dual-color flow cytometry using the FITC-labeled OPG-Fc fusion protein as a fluorescent probe for cells. With this new method, we find that bone marrow cells from untreated early postmenopausal women have increased surface expression of RANKL as compared with estrogen-replete women. We further demonstrate that the increased surface expression of RANKL on bone marrow cells correlates directly with increases in bone resorption markers and inversely with serum 17β-estradiol levels.
Methods
Study subjects and experimental protocol. We studied 36 healthy volunteer women, including 12 premenopausal women (Group A), 12 untreated postmenopausal women (Group B), and 12 postmenopausal receiving estrogen-replacement therapy (Group C) ( Table 1 ). The subjects in Group C were changed from their usual estrogen-replacement regimen to 0.1 mg estradiol patches, applied twice weekly, for 60 days prior to bone marrow aspiration, and the accompanying progestin, if present, was discontinued. For inclusion, we required good health and the absence of any serious acute or chronic medical conditions, including blood dyscrasias and medical conditions or drug use that might affect bone or calcium metabolism or alter bone marrow function. We also excluded premenopausal women who were receiving oral contraceptives. We obtained protocol approval by the Mayo Institutional Review Board and written, informed consent from the study subjects.
Studies were performed as outpatients at the Mayo General Clinical Research Center. A fasting blood sample was drawn at 0800 hours, and a second morning voided urine sample was obtained for biochemical measurements. Samples were stored at -80°C until analyzed. Under local anesthesia, a total of 20 ml of bone marrow aspirate was collected on EDTA from both iliac crests using a standard procedure.
Reagents. Ficoll-Paque Plus was purchased from Amersham Pharmacia Biotec AB (Uppsala, Sweden). Normal goat serum and the phycoerythrin-conjugated secondary Ab, goat anti-mouse Ab, and human Fc-fragment conjugated to FITC were purchased from Jackson ImmunoResearch Laboratories Inc. (West Grove, Pennsylvania, USA). We obtained mAb's B4-78 for human bone alkaline phosphatase (BAP), a mouse monoclonal IgG 1 , and STRO-1, a mouse IgM, from the Developmental Studies Hybridoma Bank, University of Iowa (Iowa City, Iowa, USA). The secondary Ab's were goat anti-mouse IgG conjugated to phycoerythrin (PE). Monoclonal mouse IgG 2a anti-human CD20 for B cells, clone B9E9, monoclonal mouse IgG 1 anti-human CD3 for T cells, clone UCHT-1, isotype controls, including mouse IgG 1κ (MOPC-21), mouse IgG 2a,κ (UPC-10), and mouse IgG 2b , were purchased from Sigma-Aldrich (St. Louis, Missouri, USA). The anti-human granulocyte CD15 Ab was a monoclonal mouse IgM isotype clone G155-228 from BD PharMingen (San Diego, California, USA). Anti-TRAIL mAb was a mouse IgG 1 from R&D Systems Inc. (Minneapolis, Minnesota, USA). OPG-Fc was a recombinant human fusion protein produced in CHO cells in which the N-terminal ligandbinding domain (amino acid residues 22-194) of OPG Cell preparation and flow cytometry. Bone marrow aspirate (7.5 ml) was diluted 1:2 in PBS (vol/vol), layered over a Ficoll-Paque density gradient, centrifuged, and bone marrow mononuclear cells were collected. These were washed, counted with a hemocytometer, and cell viability was determined by trypan blue exclusion. After exposure to 10% normal goat serum to block nonspecific binding sites, aliquots of 100 µl (∼10 6 cells) were incubated for 30 min with primary Ab's against BAP, CD3, or CD20, washed, and incubated again for 30 min with secondary Ab's conjugated to PE, then washed, and finally incubated with the OPG-Fc-FITC probe at 4°C for 60 min.
For the analysis of flow cytometry data, we initially used forward/side light scatter to set regions around the lymphocyte/monocyte-enriched area (R1 region) and around the granulocyte-enriched area (R2 region) ( Figure 1a ). The R1 region contained the cell populations of interest -MSC, T lymphocytes, and B lymphocytes -as well as monocytes. The gates were set to select and analyze the R1 region and to exclude the R2 region. Positive populations were identified as cells that expressed specific levels of fluorescence activity above the nonspecific autofluorescence of the isotype control. Quadrants in samples were set so that the same quadrant in the control included positive cells at a proportion less than 5% of that of samples with specific positive fluorescence for a signature marker. Cells identified by single-or dual-color flow cytometry were expressed as a percentage of gated cells on R1. With the same analysis, we assessed mean fluorescence intensity of OPG-Fc-FITC per cell, which is an index of the surface concentration of RANKL molecules. 
Table 2
Primers used for the RT-PCR analysis
Gene Primers
AP Sense: 5′-TCAAACCGAGATACAAGCAC-3′ Antisense: 5′-GGCCAGACCAAAGATAGAGT-3′
Osteocalcin
Sense: 5′-CTCACACTCCTCGCCCTATT-3′ Antisense: 5′-GGTCAGCCAACTCGTCACA-3′
Col I
Sense: 5′-GTGTAAGCGGTGGTGGTT-3′ Antisense: 5′-GGCCGGATACAGGTTT-3′
Osteonectin Sense: 5′-GATGAGGACAACAACCTTCTGAC-3′ Antisense: 5′-TTAGATCACAAGATCCTTGTCGAT-3′
RANKL
Sense: 5′-TGGATCACAGCACATCAGAGCAGAG-3′ Antisense: 5′-ATACTCTGTAGCTAGGTCTCCTGAAG-3′
TRAIL
Sense: 5′-AAGCAGATGCAGGACAAGTACTCC-3′ Antisense: 5′-CCCAGAGCCTTTTCATTCTTGGAG-3′
The mean fluorescence is obtained from the statistical analysis of the fluorescence height of the FITC emission and the mean value of the x axis displayed by the software. This parameter is measured independently from the number of positive cells. This parameter measures the difference between the mean fluorescence of positive cells and that of the control sample, regardless of the frequency of positive cells. The primary probes were OPG-Fc-FITC (20) for sorting cells expressing RANKL and the anti-BAP, anti-CD3, and anti-CD20 Ab's with PE-conjugated secondary Ab's for sorting MSCs, T lymphocytes, and B lymphocytes, respectively. The control for the OPG-Fc-FITC was a human Fc-FITC, and the controls for the primary Ab's for BAP, CD3, or CD20 were unrelated IgG isotypes. We used saturating amounts of OPG-Fc-FITC previously determined by doseresponse experiments (data not shown). A single lot of OPG-Fc-FITC was used for all studies.
Characterization of MSCs. In some experiments, we collected fractions of cells by FACS and studied them further for characteristics of the osteoblast phenotype. BAP + /RANKL + cells were plated at 5 × 10 4 /well in six-well plates and cultured for 21 days in a growth medium that maintains the cells, but does not differentiate them, or in a medium that allows them to differentiate to mature osteoblasts, as previously described (21) . Briefly, the growth medium consisted of α-MEM plus 10% FCS, whereas the differentiation medium consisted of the growth medium plus dexamethasone (10 -8 M), β-glycerol-phosphate (10 mM), and L-ascorbate-phosphate (100 µM). Mineralized nodules were assessed qualitatively by von Kossa staining and quantitatively by alizarin red-S staining followed by elution and colorimetric measurement (22) . BAP + /RANKLand BAP -/RANKL + cells did not grow under the same culture conditions.
In other samples of FACS-sorted cells, bone-related gene expression was assessed by real-time RT-PCR and by conventional RT-PCR. For these analyses, total RNA was purified from aliquots of the sorted cells using the StrataPrep Total RNA Miniprep Kit (Stratagene). Standard methods were used to prepare cDNA and for conventional PCR (23). Real-time PCR was performed using a Light Cycler (Roche Diagnostics GmbH, Mannheim, Germany), as previously described (23) . Table 2 shows the specific primers used for each of the genes analyzed.
Biochemical measurements. Serum C-terminal telopeptide of type I collagen (CTx) was measured using CrossLapsTM One Step ELISA (Osteometer Biotech A/S, Herlev, Denmark) (coefficient of variation [CV] 5.0%). Urine N-telopeptide of type I collagen (NTx) was determined by a competitive immunoassay (Osteomark; Ostex International Inc., Seattle, Washington, USA) (CV 6.3%), and results were expressed as the NTx/creatinine ratio. Serum 17β-estradiol was measured by a high-sensitivity double Ab radioimmunoassay with a detection limit of 5 pg/ml (Diagnostic Products Corp., Los Angeles, California, USA) (CV 3.8%). Serum OPG was determined by ELISA (24) (CV <15%) and serum RANKL by an ELISA kit (BioNet Inc., Southbridge, Massachusetts, USA) (CV 6%).
Statistical analyses. Differences among groups were performed by one-way ANOVA followed by the Student-Newman-Keuls test, which adjusts for multiple comparisons. Data are presented as mean plus or minus SEM.
Results

Clinical characteristics and biochemical measurements
Baseline values for the three groups of women are given in Table 1 . The clinical characteristics were similar in all groups. As expected, the estrogen-deficient women (Group B) had lower values for serum estradiol and higher values for bone resorption markers (serum CTx 
Figure 2
Formation of mineralized nodules during culture. BAP + /RANKL + cells were cultured in either nutrient medium (a and c) or in osteoblast differentiation medium (b and d) for 21 days. When stained using von Kossa stain (a and b) or with alizarin red-S (c and d), mineralized nodules were apparent when cells were cultured in osteoblast differentiation medium. The BAP + /RANKLand BAP -/RANKL + cells did not proliferate sufficiently in culture to allow mineralization to be assessed. and urine NTx) than did the estrogen-replete women (Groups A and C), and these two groups did not differ from each other. Serum levels of OPG and RANKL did not differ among groups.
Validation of flow-cytometry method
Characterization of the MSCs. After passage of bone marrow cells through a Ficoll-Paque density gradient to obtain mononuclear cells, we employed dual-color flow cytometry to obtain BAP + /RANKL + cells ( Figure  1 ). To establish that these were authentic MSCs of the osteoblast lineage, we made further studies. First, using dual-color flow cytometry, we showed that an average of 27% of cells expressing BAP coexpressed RANKL (derived from Table 4 ), a characteristic finding in osteoblastic lineage cells (25) . Second, from a mean of four flow-cytometry analyses, we found that 63% of the BAP + cells coexpressed STRO-1 (data not shown), a well-characterized surface marker for early osteoblast precursor cells (26, 27) . Third, when expression of osteoblast-related genes was measured by real time RT-PCR, we found a marked enrichment of these genes in the BAP + /RANKL + cells as compared with the unsorted cells or the BAP + /RANKLor BAP -/RANKL + cells ( Table 3 ). The only exception to this was AP gene expression, which was increased in the BAP + /RANKL + cells approximately twofold as compared with unsorted cells only. This relatively small enrichment for AP is likely due to the presence of AP + granulocyte precursors in the Ficoll-Paque passaged but unsorted bone marrow cells. These cells were excluded from the sorted BAP + /RANKL + cells by gating. BAP + /RANKLcells expressed much lower levels of the osteoblast-specific genes, whereas these genes were largely undetectable in the BAP -/RANKL + cells, with the exception of osteonectin, which was present at low levels (Table 3 ). Finally, sorted BAP + /RANKL + cells were cultured for 21 days in an osteoblast differentiation medium. As previously described (25) , the BAP + /RANKL + cells that were maintained in a nondifferentiating medium failed to develop mineralized nodules, whereas those grown in osteoblast differentiation medium formed mineralized nodules that stained positively for calcium by the von Kossa stain or alizarin red-S ( Figure 2 ). When dye was eluted from nodules stained with alizarin red-S and measured quantitatively, BAP + /RANKL + cells grown in osteoblast differentiation medium for 21 days had a 20-fold increase in dye as compared with control BAP + /RANKL + cells maintained in nutrient medium. Exclusion of granulocytes. Because precursor cells of the granulocyte lineage are present in bone marrow cells after Ficoll-Paque passage, and these also express AP, studies were made to ensure that these did not contaminate the BAP + /RANKL + sorted cells. As reported previously (28) , the population of granulocyte precursors was recognized by dot plot clustering in the R2 region based on forward/side scatter nonfluorescent signals. Granulocyte precursors were then excluded by gating on R1 region and excluding the R2 region (Figure 1a ). The effectiveness of this exclusion was demonstrated by using an Ab directed against the CD15 surface marker that is characteristic for cells of the granulocyte lineage. When sorted by dual-color flow cytometry and gated on R1 on lymphocyte/monocyte populations, BAP + /CD15 + coexpression was below the level of background fluorescence of the control isotype (data not shown).
Similarly, when two-color flow cytometry with OPG-Fc-FITC probe and anti-CD15 Ab was employed, gated on R1 and excluding R2, the RANKL + /CD15 + coexpression was also below the background level. Furthermore, in three-color flow cytometry with anti-BAP Ab, OPG-Fc-FITC probe, and anti-CD15 Ab, BAP + /RANKL + cells did not coexpress the granulocyte marker CD15 above the control background activity (data not shown). Assessment of effect of TRAIL. In certain experimental conditions, OPG may bind to TRAIL (29) , whereas in other experimental conditions, it does not (20, 30) . Thus, studies were made to determine if binding of OPG-Fc-FITC to TRAIL could have affected our results. In BAP + /RANKLcells sorted by dual-color flow cytometry, we used conventional RT-PCR to demonstrate that TRAIL mRNA was expressed but that RANKL mRNA was not (Figure 3 ). In contrast, in BAP + /RANKL + sorted cells, RANKL mRNA, but not TRAIL mRNA, was expressed. Moreover, when cells were sorted by single-color flow cytometry, preincubation with an anti-TRAIL Ab did not affect the proportion of cells binding to OPG-Fc-FITC, and preincubation with OPG-Fc did not affect the proportion of cells binding to an anti-TRAIL Ab (data not shown). Thus, under the conditions of our study, TRAIL does not appear to affect our experimental results.
Flow cytometry analysis of cell types coexpressing RANKL
The frequency of cell types based on flow-cytometry analysis was reported as the percentage of the gated cells in R1. Table 4 summarizes the proportion of cells gated from R1 that were sorted with anti-BAP (MSCs), anti-CD3 (T cells), anti-CD20 (B cells) Ab's, and OPG-Fc-FITC (total RANKL-expressing cells) by single-color flow cytometry and the MSCs, T cells, and B cells that coexpressed RANKL sorted by dual-color flow cytometry. For MSCs, the proportion of both those cells expressing BAP (BAP + cells) and those coexpressing RANKL (BAP + /RANKL + ) cells were decreased by more than half in Group B as compared with Group A and were decreased somewhat less when compared with Group C (ANOVA, P < 0.01 and P < 0.001, respectively). The proportion of T cells, B cells, and total RANKL + cells by single-color flow cytometry or T cells or B cells coexpressing RANKL by dual-color flow cytometry was not different among groups. From the merged data of Groups A, B, and C in Table  4 , we obtained the fraction of each cell type expressing RANKL by dividing the average value in the three groups for dual color sorting (proportion expressing both the cell type marker and the surface marker RANKL) by the average value for single-color sorting (proportion of gated bone marrow mononuclear cells with the characteristic cell type marker). We found that 1/4 of MSCs, 1/9 of B cells, but only 1/29 of T cells coexpressed RANKL. A representative dot plot analysis for single-and dual color-sorted cells is shown in Figure 1 .
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The 
Relative intensity of OPG-Fc-FITC fluorescence
We estimated the surface concentration of RANKL per cell by measuring the average OPG-Fc-FITC fluorescence intensity per cell for RANKL-expressing MSCs, T cells, B cells, and for total RANKL-expressing cells in R1 ( Figure 4 ). As compared with Group A (premenopausal women), the average fluorescence intensity was increased in Group B (untreated postmenopausal) by 322% (P < 0.001) in the MCSs, by 260% (P < 0.01) in the T cells, by 238% (P < 0.001) in the B cells, and by 293% (P < 0.01) for total RANKL + gated cells. Findings were similar when Group B was compared with Group C, and there were no significant differences between Groups A and C. Table 5 gives the correlation coefficients for the relative intensity of OPG-Fc-FITC fluorescence, an index of surface RANKL concentration per cell, versus the concentration of bone resorption markers (serum CTx and urine NTx) and serum estradiol concentration. RANKL fluorescence was positively and significantly correlated with levels of bone resorption markers for all three cell types coexpressing RANKL and for total RANKL-expressing cells. Moreover, there was a significant negative correlation with serum estradiol levels with total RANKL-expressing cells. For RANKLexpressing MSCs, B cells, and T cells, this correlation was also negative, but of borderline significance. Serum levels of RANKL, OPG, or the RANKL/OPG ratio did not correlate with OPG-Fc-FITC fluorescence or with the proportion of MSCs, T cells, B cells, or the total RANKL-expressing cells (data not shown).
Discussion
Almost all studies assessing the paracrine mediation of estrogen action have been made in rodents or use human bone cell lines or primary cultures of cells from orthopedic samples in vitro. Thus far, estrogenregulation of bone marrow cytokines has not been studied directly in humans despite evidence that estrogen action on bone may differ substantially in humans and mice. For example, ERα knockout mice have short limbs and mild osteopenia (31), whereas a young adult male with homozygous null mutations of ERα had elongated limbs and a greater degree of osteopenia (32) . Another, and possibly more relevant, example is that IL-6 consistently upregulates RANKL in murine cells in vitro (33) , but fails to do so in human cells (34) .
Our major objective was to determine whether expression of RANKL by bone marrow cells contributes to the increased bone resorption in early postmenopausal women. Thus, in estrogen-deficient and estrogen-replete women, we obtained bone marrow mononuclear cells, used dual-color flow cytometry to identify cells expressing RANKL, and characterized them as MSCs, T cells, or B cells, using Ab's for bone alkaline phosphatase, CD3, and CD20, respectively. We then assessed the proportion of these cells expressing RANKL and the relative fluorescence intensity of OPG-Fc-FITC as an index of the surface concentration of RANKL per cell.
Isolation of T cells and B cells by single-color flow cytometry is a well-accepted, routine procedure, whereas flow cytometry has not been heretofore employed to isolate MSCs. Previous investigators have employed plastic adherence (35, 36) or the STRO-1 Ab (26) to isolate MSCs. The plastic adherence method selects only relatively small number of MSCs and, because these cells must be expanded in culture, it is not useful for assessing RANKL expression in vivo. Although the STRO-1 Ab recognizes a subset of early MSCs, 95% of the detected cells are erythroid precursors that must be excluded by using an Ab against glycophorin A, thus complicating the flow-cytometry procedure. Moreover, the role of the STRO-1 epitope in osteoblast function is unknown. For these reasons, we elected to isolate MSCs by flow cytometry using an Ab directed against BAP, an ectoenzyme that plays an important role in osteoblast function. Although granulocyte precursors in bone marrow also express this AP isoenzyme, we were able to identify and exclude contamination by this cell type by its light scatter characteristics during flow cytometry. Moreover, using an Ab for CD15, a specific granulocyte marker (37) , we confirmed that the electronic gate used to sort MSCs did not contain granulocyte lineage cells.
Cells coexpressing BAP and RANKL represent about 1-3% of the bone marrow mononuclear cells contained in the R1 gate. We demonstrated that these were authentic MSCs by several criteria. First, about one-fourth of the BAP + cells coexpressed RANKL, a characteristic of MSCs (25) . Indeed, other than osteoblast lineage cells, no other cell type is known to coexpress both surface markers. Second, half of the BAP + cells coexpressed the STRO-1 epitope, an established surface marker for early osteoblast progenitor cells (26, 27) . Third, when isolated by FACS, BAP + /RANKL + cells were shown to express high concentrations of representative bonerelated genes -BAP, Col 1, osteocalcin, and osteonectin -by real-time RT-PCR. Finally, and most importantly, BAP + /RANKL + cells were able to form multiple mineralized nodules, the sine qua non for osteoblast lineage cells, after 21 days of culture in an osteoblast differentiation medium.
We also assessed nonspecific binding of the OPG-Fc-FITC probe. One potential confounder was binding of the OPG-Fc-FITC to TRAIL, a related TNF family member with potent apoptosis-inducing properties that is expressed on surfaces of many cell types (38, 39) . OPG has been reported both to bind to TRAIL (29) and not to bind to it (20, 30) , depending on the experimental conditions. Mice in whom the TRAIL gene was deleted, however, had normal bone rather than the osteopetrotic bone found in transgenic mice overexpressing OPG (40) . This suggests that TRAIL was not capable of substantially neutralizing OPG in vivo. For several reasons, we believe that binding of the OPG-Fc-FITC probe to TRAIL is not relevant to our results. First, the BAP + /RANKL + cells that bind OPG-Fc-FITC did not express TRAIL mRNA as assessed by RT-PCR. Second, OPG-Fc-FITC binding to the BAP + /RANKL + cells was not affected by preincubation with TRAIL Ab, as assessed by either single-or dual-color flow cytometry. Moreover, preincubation with saturating concentrations of OPG-Fc did not affect the percentage of TRAIL + cells assessed by single-color flow cytometry. Finally, and importantly, since TRAIL does not stimulate osteoclastogenesis (29) , its expression would not be expected to correlate with bone resorption markers. Yet, we found that OPG-Fc-FITC fluorescence intensity was strongly correlated to bone resorption markers. Another potential confounder was nonspecific binding of the Fc component of the OPG-Fc-FITC probe to Fc receptors. This was controlled by blocking Fc receptors in the cell samples with an excess of normal serum. To assess residual nonspecific binding, we used the Fc fragment of human IgG conjugated to FITC as a control, and we accepted the unspecific (background) activity of the control at a level that was less than 5% of the specific activity of OPG-Fc-FITC. Finally, other nonspecific binding of full-length OPG is mainly to heparin, and this was eliminated by use of a N-terminal OPG-Fc fusion probe in which the heparin-binding domain was deleted (20) .
The effect of menopause on RANKL regulation of bone resorption was studied by comparing results in estrogen-deficient, early postmenopausal women (Group B) with two estrogen-replete control groups -premenopausal women (Group A) and age-comparable postmenopausal women who were receiving transdermal estradiol patches (Group C). We found no difference between Groups A and C in any of the experimental variables, eliminating the possibilities that changes in the untreated postmenopausal women (Group B) were due to age differences between Groups A and B or to differences between ovarian estrogen production and transdermal estrogen replacement in Group C.
Using single-color flow cytometry, we found no significant differences for the proportions of T cells or B cells among the three clinical groups of women, either for the total cells or for those that coexpressed RANKL. This contrasts with findings in mice where ovariectomy increases bone marrow T cells twofold (6) and B lymphocytes twofold (14, 41) , changes that have been suggested to be the cause of bone loss in estrogen deficiency. This striking species disparity reemphasizes the need for human studies to confirm studies of bone biology that have been made in rodents. We cannot exclude the possibility, however, that the total number of bone marrow mononuclear cells were increased but the proportion of T cells and B cells did not change.
In contrast to the lack of change in the proportions of T cells and B cells, we found that the estrogen-deficient group of women (Group B) had only about half of the proportion of MSCs that estrogen-sufficient women (Groups A and C) did. This was unexpected, because many studies have shown that estrogen deficiency increases the numbers of mature osteoblasts on endosteal surfaces of bone (1, 3) . These results, however, are consistent with a rapid-throughput kinetic model in which a compartment of preosteoblastic cells is reduced in the setting of estrogen deficiency by the increased demand for osteoblasts on bone surfaces. They are also consistent with a model in which mature osteoblasts on bone surfaces originate at least partially from other sources, such as lining cells (42) or vascular endothelial cells (43) . Gregorio et al. (44) found that ovariectomy in rats increased the number of early osteoblastic colonyforming units in bone marrow. Their findings contrast with the decrease in the compartment of BAP + /RANKL + osteoblastic cells that we identified. This implies the BAP + /RANKL + cells that we sorted may represent an intermediate stage of differentiating osteoblast lineage cells. Alternatively, the discrepancy between the study of Gregorio et al. and ours could indicate another species difference between rodents and humans.
In the gated bone marrow mononuclear cells, there were threefold more T cells than BAP + cells, whereas the number of B cells was about half that of the BAP + . Only 1 in 29 of the T cells, however, coexpressed RANKL, whereas 1 in 4 of the BAP + cells and 1 in 9 of the B cells did. Thus, MSCs represented 40% (1:2.4) of the total RANKL-expressing cell types in the estrogen-replete groups, but only 17% (or 1:6) in the estrogen-deficient postmenopausal women. Nonetheless, because their estimated surface concentration of RANKL increased in the untreated postmenopausal women more than their numbers decreased, the MSCs appear to contribute as much to total RANKL activity as did the T cells and B cells, even in the untreated postmenopausal women.
Nonetheless, T cells appear to make a substantial contribution to RANKL activity in bone marrow. The expression of RANKL by T cells may be related, in part, to their function as immunoregulators, because targeted disruption of the RANKL gene results in mice lacking lymph nodes and with defective T and B lymphocyte differentiation (45) . There also is strong evidence, however, that RANKL expression by T cells upregulates osteoclastogenesis and thus may contribute to bone loss when it is increased. In an experimental mouse model of inflammatory arthritis, activated T lymphocytes expressing RANKL were shown to regulate the associated periarticular bone loss and joint destruction (46) . Also, T cell-deficient mice have impaired osteoclastogenesis and do not lose bone after ovariectomy (6) .
The most important finding of our study was a two-to threefold increase in relative fluorescence intensity of OPG-Fc-FITC, an index of the surface concentration of RANKL molecules, in the estrogendeficient postmenopausal women. This increase occurred in all three RANKL-expressing bone marrow cell types and in total RANKL-expressing cells. Although the proportion of gated RANKL + MSCs decreased by about half in the untreated postmenopausal women as compared with the premenopausal women, the apparent surface concentration of RANKL on MSCs increased more than threefold. The proportion of gated RANKL + T and B cells was increased slightly after menopause, and their apparent surface concentration of RANKL also increased. Thus, overall bone marrow availability of RANKL was increased.
Our findings that OPG-Fc-FITC fluorescence correlated directly with bone resorption markers in all three types of RANKL-expressing cell types and was negatively correlated with serum 17β-estradiol levels for total marrow RANKL-expressing cells suggest a causal relationship. This relationship is likely to be physiologic because the cells were obtained from the bone marrow microenvironment where they were in equilibrium with the prevailing cytokine milieu and studied ex vivo soon thereafter. This does not necessarily establish, however, that estrogen regulates RANKL directly. In vitro studies have shown that IL-1α, TNF-α, and PGE 2 upregulate RANKL (10, 11) , and these cytokines have been reported to be increased by estrogen deficiency (1, 3, 4) . Thus, we cannot exclude the possibility that estrogen acts indirectly by stimulating these or other estrogen-dependent cytokines to upregulate RANKL.
Despite clear changes in RANKL expression on marrow cells, we did not detect differences in circulating RANKL levels in the three groups, highlighting the importance of assessing levels of these factors directly in the bone microenvironment. Moreover, although we and others have demonstrated previously that estrogen stimulates OPG production both in vitro (15, 16) and in vivo (17), circulating OPG levels did not differ between the three groups. We believe that this may occur because estrogen deficiency and increased bone turnover affect OPG production in opposite directions with estrogen deficiency decreasing and increased bone turnover increasing OPG production (24, 47) . These opposing effects may cancel each other, resulting in no net change in OPG levels in postmenopausal women who have both chronic estrogen deficiency and increased bone turnover. In our previous study of experimentally induced acute hypogonadism in men, however, we were able to dissociate these two effects experimentally and, consistent with the in vitro data, demonstrate that estrogen has a stimulatory effect on OPG levels (17) .
In conclusion, we have developed a new method for sorting bone marrow cells expressing RANKL and for estimating its surface concentration. With this method, we show that RANKL-expression of MSCs, T cells, and B cells is upregulated two-to threefold by estrogen deficiency and correlated directly with increases in bone resorption markers and inversely with serum 17β-estradiol for total RANKL-expressing cells. The mechanism of estrogen suppression of osteoclast formation and function is complex and involves multiple cytokine mediators (1, 3, 4) . Because RANKL, however, is a highly potent, final effector of osteoclast formation and function, our demonstration that it is increased by estrogen deficiency and decreased by estrogen sufficiency in three bone marrow cell types suggests that it may play a major role in mediating increased bone resorption and bone loss following menopause.
